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Abstract 
In order to achieve high utilization efficiency of residual heat by reducing the energy conversion process, a new 
combined heat-supply system based on groundwater heat pump and steam turbine was designed. By obtaining 
operational principle and mathematicalmodel, the cop and the consumption of steam were analyzed and calculated, 
based on the combined heating supply system with different chilled water temperature of condenser. The cop 
increases firstly and decreases later with the outlet water temperature of the condenser rising. But the total steam 
consumption of combined heating supply system is quite contrary. The steam consumption of the heating supply 
system reaches a lowest value when the outlet temperature of the condenser is set as 84ć. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Nowadays, with low utilization efficiency of central heating, a great deal of energy has been wasted in our 
country. The actual thermal efficiency of general large-scale thermal power plant is only about 40% because most of 
the heat has been carried away by circulating cooling water in condenser. In most cases, the circulating cooling 
water can’t be applied to the heating system directly. As the circulating low temperature cooling water in condenser 
wouldn’t meet the required quality of direct utilization. Not only did such approach cause a waste of energy, but also 
brought environmental thermal pollution. 
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Ground water heat pump is a technology to utilize effectively renewable and low quality heat energy for heating 
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supply. However, it consumes the electric energy constantly when the groundwater heat pump utilizes the renewable 
energy such as geothermal energy. Facing with the current problem of urban heating, this paper has proposed the 
combined heating supply system based on water heat pump and steam turbine [1, 2]. 
  
Nomenclature 
W the internal energy that per unit mass of the refrigerant increases, kJ/kg 
h1 the specific enthalpy of the refrigerant before compression, kJ/kg 
h2 the specific enthalpy of the refrigerant after compression, kJ/kg 
h2’the specific enthalpy of the refrigerant before condensation, kJ/kg 
h3 the specific enthalpy of the refrigerant after condensation, kJ/kg 
h4 the specific enthalpy of refrigerant before flowing in to evaporator, kJ/kg 
Mr mass flow rate of refrigerant, kg/s 
qe the heat absorption of refrigerant in the evaporator, kJ/kg 
qk Heat Output Of refrigerant condensation 
tewo freezing temperature drop of evaporator, generally 4-6ć 
th the outlet temperature of refrigerant , ć 
tin chilled water inlet temperature of evaporator, ć 
tk the condensing temperature of refrigerant in condenser, ć 
tz the inlet temperature of refrigerant, ć 
ᇞ tev range of temperature of evaporator, usually 2-4ć 
ηz the total steam utilization efficiency of the combined heating supply system, % 
ηt the cycle thermal efficiency,% 
ηri relative internal efficiency,% 
ηm mechanical efficiency respectively, % 
2. Methods 
In order to achieve high utilization efficiency of residual heat, paper reduces the energy conversion unit. 
According to the operational principle and mathematicalmodel, the cop and the consumption of steam based on the 
combined heating supply system with the different chilled water temperatures of condenser were analyzed and 
calculated. 
2.1. The working principle of combined heating supply system 
The combined heating supply system based on groundwater heat pump and steam turbine is mainly composed of 
the groundwater heat pump, steam turbine and condenser component. Its work principle (Figure 1) is: The internal 
energy of superheated steam can be transformed into the mechanical energy to drive the compressor of the 
groundwater heat pump, so as to implement the reverse thermodynamic cycle of heat pump, and achieve the purpose 
that the low temperature potential energy can be transformed into high temperature potential energy for users. 
The circulating water is transformed into superheated steam in the steam boiler by burning the primary energy –
coal. Superheated steam entered the turbine to drive the rotation of steam turbine blade. The process is that the 
internal energy of superheated steam was transformed into the mechanical energy to drive the steam turbine before 
driving the compressor of groundwater heat pump. So the process is called a Rankine Cycle [3].The backwater of 70 
degrees is heated at first step by passing through the condensation end of the groundwater heat pump. Then the 
water passing through the peak heater, extractive part of the high temperature steam is heated to 95 degree. When 
the heating water reached the required temperature, it would be delivered to the user side for heating. (It would be 
discharged in to the environment in the form of waste heat). 
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Fig. 1. Working principle of the combined heating supply system based on groundwater heat pump and turbine. 
So this process is a heat pump reverse circulation process. When the steam turbine drove the groundwater heat 
pump, at the same time, the exhaust gas of steam turbine contained a large amount of exhaust heat (usually this part 
of heat the groundwater with high temperature exchanges the heat with exhaust steam in condenser. It flowed into 
the evaporation which is supplied energy from-the groundwater heat pump to heat evolution as chilled water. The 
cop of groundwater heat pump is increased greatly, due to increasing the evaporation temperature of the evaporator 
side [4]. 
2.2. Mathematical model 
The four processes of theoretical cycle based on groundwater heat pump include compression, condensation and 
evaporation, throttle, as shown in Figure 2. 
 
Fig. 2.H-P heat pump cycle diagram (Li 2009). 
 
Refrigerant is compressed into gas of high temperature and high pressure in the compressor. The increased 
internal energy by per unit mass refrigerant is the work that is inflicted outside.2-3 condensation stage means that 
refrigerant is condensed into liquid. Releasing heat energy is qk. The heat transfer between the refrigerant and 
chilled water is qe. By the way the refrigerant is in the low temperature and pressure. The formulas are as follows. 
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41 hhqe                                                                                                                                                                 (3) 
 
The specific enthalpy of refrigerant is constant before throttle so as to that after. The heating capacity of 
groundwater heat pump is thermal load of condenserIk, the theoretical work of compressor is Pth. The evaporating 
temperature of groundwater heat pump is tev. Based on refrigerant and coolant in the condenser, the logarithmic 
mean temperature difference is mt [5].Cop and efficiency of the total steam utilization based on the combined heat-
supply system respectively are Cop and zK .So the formulas are as follows. 
        
43 hh                                                                                                                                                                       (4) 
)( 32 hhMqM rkrk   I                                                                                                                                    (5) 
)( 12 hhMwMP rrth                                                                                                                                        (6) 
evewoniev tttt '                                                                                                                                                 (7) 
)]/()ln[(/)( zkhkhzm ttttttt                                                                                                                       (8)
 wqCOP zk /K                                                                                                                                                    (9) 
mritz KKKK                                                                                                                                                       (10) 
3. Results 
The consumption of the supply and return water is set as 200kg/s. The 12 intermediate temperatures are 
calculated-with 2 degree temperature difference. Each set of operation is corresponded to each outlet temperature of 
condenser. The thermal load of the combined heat-supple system varies with the outlet temperature of condenser 
under each group operating conditions. The evaporator of groundwater heat pump connected with the vent 
condenser of turbine. The amount of steam exhaust produced by turbine directly affects the chilled water 
temperature. Therefore, under the assumption that the outlet temperature of condenser is 70 ć, the thermal load of 
the combined system is zero, based on ground water heat pump coupled with the steam turbine. The chilled water 
temperature is set as same as the cooling water of condenser. When the outlet temperature of the condenser is 95 ć, 
the heat load of the connected system is 100%, and the chilled water is set as the groundwater temperature. The 
chilled water temperature of evaporator is only affected by the heat load of the combined heating system. The 
horizontal and tube condenser is selected as the condenser of ground water heat pump-with the 5ć mean 
temperature difference of heat transfer. Operation parameters of the combined heat-supply system for each condition 
are shown in table 1. 
Table 1. Combined heating system operation parameters table. 
condition 1 2 3 4 5 6 7 8 9 10 11 12 
Turbine and heat pump/kw 1680 3360 5040 6720 8400 10080 11760 13440 15120 16800 18480 20160 
Turbine and heat pump/peak heater load 
ratio 
8% 16% 24% 32% 40% 48% 56% 64% 72% 80% 88% 96% 
Inlet cooling water temperature of 
condenser/ć 
70 70 70 70 70 70 70 70 70 70 70 70 
Outlet cooling water temperature of 
condenser/ć 
72 74 76 78 80 82 84 86 88 90 92 94 
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According to the max power of 4922 kW based on the compressor of water source heat pump, the C6-3.43/0.981 
type steam turbine is selected. Steam consumption of the combined heating system is analyzed.  Efficiency factor of 
generation equipment QF-6-2 based on the supporting operation of the unit is set as 0.8. With the direct connection 
between the steam turbine and the compressor of ground water heat pump, the loss of energy can be ignored. 
According to the calculations you get, the state parameters and economic index of the combined heat-supply system 
are shown in table 2. 
Table 2. The state parameters and economic indexes of the combined heating system. 
conditions 1 2 3 4 5 6 7 8 9 10 11 12 
Evaporation temperature /ć 5.68 7.36 9.04 10.72 12.4 14.08 15.76 17.44 19.12 20.8 22.48 24.16 
Condensation temperature /ć 76.07 77.26 78.59 80.02 81.57 83.20 84.91 86.68 88.51 90.37 92.27 94.20 
condensation pressure /MPa 0.714 0.737 0.762 0.790 0.821 0.854 0.891 0.930 0.971 1.015 1.061 1.11 
evaporation pressure /MPa 0.068 0.073 0.079 0.085 0.091 0.097 0.104 0.111 0.119 0.127 0.135 0.14 
h1/kJ/kg 408.6 409.9 411.1 412.3 413.6 414.8 416.0 417.2 418.5 419.7 420.9 422.2 
h2/kJ/kg 449.0 449.6 450.2 450.85 451.56 452.30 453.10 453.91 454.77 455.63 456.49 457.39 
h4/kJ/kg 303.4 305.2 307.15 309.27 311.57 314.00 316.57 319.24 322.01 324.85 327.76 330.73 
The unit  heat of refrigerant /kJ/kg 145.6 144.4 143.03 141.6 140.0 138.3 136.53 134.67 132.76 130.78 128.73 126.66 
The unit compressor power of 
f i /k /k
40.41 39.73 39.10 38.54 38.02 37.53 37.09 36.67 36.30 35.93 35.56 35.23 
the unit waste heat recycling quantity 
f f i /k /k
105.2 104.7 103.9 103.0 102.0 100.8 99.4 98.0 96.5 94.9 93.2 91.4 
Cop of the turbine coupled with heat 3.60 3.64 3.66 3.67 3.68 3.69 3.68 3.673 3.66 3.64 3.62 3.60 
steam consumption of turbine coupled 
i h h / /h
2.36 4.69 6.99 9.27 11.57 13.87 16.20 18.55 20.960 23.40 25.88 28.43 
Steam consumption of peak heater/t/h 
 
Steam consumption of the 
26.87 
 
29.23 
24.54 
 
29.23 
22.20 
 
29.19 
19.86 
 
29.13 
17.53 
 
29.1 
15.19 
 
29.06 
12.85 
 
29.05 
10.52 
 
29.07 
8.18 
 
29.14 
5.84 
 
29.24 
3.51 
 
29.39 
1.17 
 
29.6 
 
The table 2 shows that the COP of the combined heat-supply system increased at first and decreased later with 
the outlet water temperature of the condenser rising. When the outlet temperature of condenser is set as 82ć,the 
maximum cop is 3.69.The climax of cop occurs in the working condition6, when the outlet temperature of condenser 
is less than 82ć. The condensation temperature and the exhaust steam increase with the increase of temperature. So 
the evaporation temperature keep rising at this time compared to the condensation temperature, evaporation 
temperature has great influence on the COP of combined heating system. When the outlet temperature of the 
condenser is exceeds 82ć, the result is quite contrary to increase of evaporation temperature. 
In order to determine the optimal operating conditions and outlet temperature of condenser, the steam 
consumption of the heat pump, peak heater and the total steam consumption of the combined heating supply system 
are calculated respectively based on the steam turbine. The table 2 shows that the steam consumption of the turbine 
heat pump and the peak heater increases firstly and decreases later with the increase of the condensation temperature. 
The total steam consumption of heat-supply system increased at first and decreased later-with the outlet water 
Temperature difference of Cooling water 
between inlet and outlet of condenser/ć 
2 4 6 8 10 12 14 16 18 20 22 24 
Inlet chilled water temperature of 
evaporator/ć 
13.68 15.36 17.04 18.72 20.4 22.08 23.76 25.44 27.12 28.8 30.48 32.16 
Mean temperature difference/ć 5 5 5 5 5 5 5 5 5 5 5 5 
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temperature of the condenser rising. When the outlet temperature of condenser is set as 84ć,the minimum of 
29.05t/h appears in the working condition7,as shown in Figure 3. When the outlet temperature of the condenser is 
less than 84ć, the total steam consumption of heat-supply system is in a downtrend. In this condition, in order to 
produce the equivalent energy, the steam consumption of peak heater is more than the combined heat-supply system. 
Meanwhile, the energy efficiency of heat-supply systems is higher than the peak. When the outlet temperature of the 
condenser is exceeds 84ć, the result is quite opposite. 
 
Fig. 3. Cop and steam utilization of the combined system in different conditions. 
4. Discussion 
Series the operations of the groundwater heat pump and peak heater are responsible for the task of primarily 
heating and peak heating for water. The heating backwater of 70 degree from the ground water heat pump is heated 
to 95 degree after passing through the peak heater. Therefore, setting temperature of outlet water in the condenser 
will affect the utilization efficiency of combined heating supply system and important technical parameters such as 
consumption of primary energy. By calculating the operating parameters of combined heating system based on the 
different conditions of the outlet water temperature in the condenser, this paper made a comparative analysis of the 
performance and the energy consumption related to the combined heating supply system. 
The cop of the combined heating supply system increased firstly and decreased later, with the outlet water 
temperature of the condenser rising, and the total steam consumption of the combined heating supply system was 
quite contrary. The total steam consumption of the heat-supply system reached a lowest value when the outlet 
temperature of the condenser was set as 84ć. Compared with the traditional heat-supply system, the new combined 
heat-supply system based on the ground water heat pump coupled with the turbine save energy. 
5. Conclusions 
With the outlet temperature of condenser rising, the thermal load and recovery exhaust steam quality of turbine 
increase, based on the combined heat-supply system. Meanwhile, the evaporation temperature and cop of the 
combined heat-supply system also increase. When the intermediate temperature is set as 82 ć, the maximum cop 
occurs. Along with the outlet temperature of condenser rising, the condensation temperature of the ground water 
heat-supply system also increases. By the way, the cop of the combined heat-supply system decreases. 
The total steam consumption of the heating system increased first and decreased afterwards with the increase of 
outlet temperature in condenser, when the outlet temperature of condenser is set as84ć. The minimum cop is 29.05. 
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